A new three-dimensional, time-dependent theoretical model of the Earth's low and middle latitude ionosphere and plasmasphere has been developed, to take into account the effects of the zonal E×B plasma drift on the electron and ion number densities and temperatures, where E and B are the electric and geomagnetic fields, respectively. The model calculates the number densities of O + ( 4 S),
Introduction
The ionosphere at the geomagnetic equator and low geomagnetic latitudes have been studied observationally and theoretically for many years (see Moffett, 1979; Anderson, 1981; Walker, 1981; Anderson et al., 1996; Bailey and Balan, 1996; Millward et al., 1996; Roble, 1996; Richards and Torr, 1996; Schunk and Sojka, 1996; Rishbeth, 2000; Abdu, 1997 Abdu, , 2001 Huba et al., 2000; Fesen et al., 2002; Maruyama et al., 2003; Pavlov et al., 2006 , and references therein). The behaviour of the equatorial and low-latitude ionosphere is strongly dependent upon the meridional component (which is located in a plane of a geomagnetic meridian) of a drift velocity, V E =E×B/B 2 , of electrons and ions perpendicular to the geomagnetic field, B, due to an electric field, E, which is generated in the E region. Sterling et al. (1969) found that the effect of the zonal component of V E (geomagnetic east -geomagnetic west component) on the F2-layer peak density in the low-latitude ionosphere is not significant at solar minimum and solar maximum equinoctial conditions. However, as was pointed out by Anderson (1981) , the zonal plasma drift used by Sterling et al. (1969) bears little resemblance to the observed zonal plasma drifts given by Fejer et al. (1981) .
This discrepancy between the measured and plasma drifts used can lead to an incorrect conclusion about the role of the zonal component of the E×B plasma drift in the low-latitude ionosphere. The average E×B zonal F-region plasma drift (Fejer et al., 1981) measured over Jicamarca was used by Anderson (1981) to reinvestigate the effects of the zonal E×B plasma drift on the equatorial F-region ionosphere for high solar activity conditions. Anderson (1981) has found that the F2-layer peak electron densities calculated over the geomagnetic equator at 20:00 LT and at 24:00 LT do not differ significantly from those obtained when the zonal E×B drift is omitted, while there are noticeable changes in the F2-layer peak altitudes (see Fig. 10 of Anderson, 1981) . As a result of the model calculations given by Anderson (1981) , effects of the zonal E×B plasma drift on the electron and ion densities and temperatures were not taken into account in the previous model studies (e.g. Anderson et al., 1996; Bailey and Balan, 1996; Millward et al., 1996; Pavlov, 2003; Pavlov et al., 2004a Pavlov et al., , b, 2006 . The present work revises the relationship between the zonal component of the plasma drift and the dynamics of the low-latitude F2-layer using a new threedimensional time-dependent model of the low and middle latitude ionosphere and plasmasphere presented in Sect. 2. To test the reliability of the new model, the theoretical study is carried out in the present case study, in which the F2-layer peak electron density, NmF2, and altitude, hmF2, are observed simultaneously in the low-latitude ionosphere by the La Paz, Trivandrum, Ahmedabad, Kodaikonal, Tiruchirapalli, Singapore, Maui, Panama, Talara, Chiclayo, Huancayo, and Bogota ionospheric sounders during the 12-13 April 1958 geomagnetically quiet time period at high solar activity.
New three-dimensional, time-dependent theoretical model
The two-dimensional, time-dependent model of the low and middle latitude ionosphere and plasmasphere developed by Pavlov (2003) calculates the number densities, N i , of O + ( 4 S), H + , NO + , O + 2 , N + 2 , O + ( 2 D), O + ( 2 P), O + ( 4 P), and O + ( 2 P*) ions, N e , the electron, T e , and ion, T i , temperatures in a plane of a geomagnetic meridian in a centered dipole approximation for the geomagnetic field without taking into consideration the zonal plasma drift effects on N i , N e , T e , and T i . A new three-dimensional time-dependent mathematical model of the low and middle latitude ionosphere and plasmasphere presented in this work includes the twodimensional time-dependent model given by Pavlov (2003) as a principal block, takes into account the effects of the zonal plasma drift on N i , N e , T e , and T i , and uses an eccentric tilted dipole approximation for the geomagnetic field to calculate the time-dependent electron and ion densities, and temperatures as a function of latitude, longitude, and altitude on a fixed spatial grid at low and middle latitudes. In the model, the Earth's eccentric tilted magnetic dipole moment is inclined with respect to the Earth's rotational axis but is located at a point which is not coincident with the Earth's center (the first eight nonzero coefficients in the expansion of the geomagnetic field potential in terms of spherical harmonics are taken into account). The dependences of the parameters of the eccentric tilted magnetic dipole on a year are given by Frazer-Smith (1987) and Deminov and Fishchuk (2000) . The model includes the production and loss rates of ions by the photochemical reactions described in detail by Pavlov (2003) and Pavlov and Pavlova (2005) .
Eccentric dipole orthogonal curvilinear coordinates q, U, and are employed in the model calculations, where q is aligned with, and U and are perpendicular to, the magnetic field, and the U and coordinates are constant along an eccentric dipole magnetic field line. It should be noted that q=(R E /R) 2 cos , U=(R E /R) sin 2 , and is the geomagnetic longitude, where R is the radial distance from the geomagnetic field center, =90 • −ϕ is the geomagnetic colatitude, ϕ is the geomagnetic latitude, R E is the Earth's radius. In the model, V E =V E e +V E U e U , where V E =E U /B is the zonal component of V E , V E U =−E /B is the meridional component of V E , E=E e +E U e U , E is the (zonal) component of E in the dipole coordinate system, E U is the U (meridional) component of E in the dipole coordinate system, e and e U are unit vectors in and U directions, respectively, e U is directed downward at the geomagnetic equator.
Equations which determine the trajectory of the ionospheric plasma perpendicular to magnetic field lines and the moving coordinate system are derived by Pavlov (2003) as
where E eff =E h R
E , h =Rsin , h U =RU −1 cos I, R E is the Earth's radius, I is the magnetic field dip angle, cos I=sin (1+3cos 2 ) −1/2 , B 0 is the value of B for R=R E and =0.
As a result of the condition of the frozen-in magnetic field lines into the ionospheric and plasmaspheric plasma, the values of the effective zonal and meridional electric fields E eff and E eff U are not changed along magnetic field lines (Pavlov, 2003) :
It is worth noting that the effective zonal and meridional plasma drift velocities V eff =E eff U B At each time point, we use the implementation of the Eulerian-Lagrangian method developed by Pavlov (2003) in solving the time dependent and two-dimensional continuity and energy equations at a (q,U) plane and upgrade this method, taking into consideration the plasma drift between the (q,U) planes in geomagnetic longitude. The EulerianLagrangian scheme used describes the plasma evolution based on a reference frame (see Eqs. 1-2) moving with an individual parcel of plasma like a fully Lagrangian method, but makes use an Eulerian computational grid. It involves a forward time integration of Eqs. (1-2). Figure 1 shows schematic illustration of the major elements of the difference between the two-dimensional approach and the threedimensional approach in the calculations of N i , T e , and T e described below.
Let us assume that the values of N i (q,U, ,t), T i (q,U, ,t), and T e (q,U, ,t) are known, and we calculate the values of N i (q,U, ,t+ t), T i (q,U, ,t+ t), and T e (q,U, , t+ t) simultaneously for all the computational grid dipole magnetic field lines. The model calculations are carried out in the two parts at each time step. In the first part, the new model uses the algorithms developed by Pavlov (2003) to describe plasma evolution in each (q,U) plane. However, as distinct from the two-dimensional approach of Pavlov (2003) , the three-dimensional model results at t+ t correspond to a (q,U) plane which is located at + , and this change in geomagnetic longitude (the value of ) is caused by the zonal E×B plasma drift. As a result of the first part, the model calculates the values of N i (q,U, k + k ,t+ t), T i (q,U, k + k ,t+ t), and T e (q,U, k + k ,t+ t) from the values of N i (q,U, k ,t), T i (q,U, k ,t), and T e (q,U, k ,t), where k=1,2,. . . kk. The magnitude of k is determined from Eq. (2). In the second part, we calculate the values of N i (q,U, k ,t+ t), T i (q,U, k ,t+ t), and T e (q,U, k ,t+ t). In the low-latitude ionosphere, the value of V E is positive (an eastward drift of plasma) during the most of the daytime conditions, while during the most of the night-time conditions, the plasma moves westward perpendicular to the geomagnetic field lines in longitude (Fejer et al., 2005; Fejer, 1993) . The subsequent strategy of the second part for the case when V E >0 is different from that for the case when V E <0.
At first, we describe the technique in the case when the zonal plasma drift is directed eastward (V E (q,U, k ,t)>0). Using the values of
, and the interpolation procedure, the model calculates the desired quantities of N i (q,U, k ,t+ t), T i (q,U, k ,t+ t), and T e (q,U, k ,t+ t). It should be noted that the quantities of N i (q,U, 1 ,t+ t), T i (q,U, 1 ,t+ t), and T e (q,U, 1 ,t+ t) are found from the values of N i (q,U, 1 + 1 ,t+ t), T i (q,U, 1 + 1 ,t+ t), T e (q,U, 1 + 1 ,t+ t) and N i (q,U, kk + kk ,t+ t), T i (q,U, kk + kk ,t+ t), T e (q,U, kk + kk ,t+ t), and the interpolation procedure.
If the plasma moves westward, i.e. V E (q,U, k ,t)<0, then the technique is changed in comparison with the previous case. The values of
, T e (q,U, k+1 + k+1 ,t+ t), and the interpolation procedure are used to calculate the desired quantities of N i (q,U, k ,t+ t), T i (q,U, k ,t+ t), and T e (q,U, k ,t+ t). Using the interpolation procedure, the values of N i (q,U, kk ,t+ t), T i (q,U, kk ,t+ t), and T e (q,U, kk ,t+ t) are determined from the values of N i (q,U, kk + kk ,t+ t), T i (q,U, kk + kk ,t+ t), T e (q,U, kk + kk ,t+ t) and N i (q,U, 1 + 1 ,t+ t), T i (q,U, 1 + 1 ,t+ t), T e (q,U, 1 + 1 ,t+ t). If V E (q,U, k ,t)=0, then the desired values of N i (q,U, k ,t+ t), T i (q,U, k ,t+ t), and T e (q,U, k ,t+ t) are calculated from N i (q,U, k ,t), T i (q,U, k ,t), and T e (q,U, k ,t), without taking into account the plasma drift between the (q,U) planes in geomagnetic longitude.
As a result, the two-dimensional Eulerian-Lagrangian scheme of Pavlov (2003) was extended to the threedimensional scheme. The new model works as a time dependent three-dimensional (q, U, and coordinates) global model of the low and middle latitude ionosphere and plasmasphere.
Equations (1-2) determine the trajectory of the ionospheric plasma perpendicular to the magnetic field lines and the moving coordinate system. Time variations of U are determined by time variations of E eff , and time variations of 25 Fig. 1 . The major elements of the difference between the two-dimensional approach (Pavlov, 2004) and the three-dimensional approach used in this work in calculations of N i , T e , and T i .
are determined by time variations of E eff U . In the model calculations, the empirical F-region quiet time equatorial vertical drift model of Scherliess and Fejer (1999) is used to calculate the value of E over the geomagnetic equator at F-region altitudes. The time variations of E U used in the model simulations over the geomagnetic equator at F-region altitudes are obtained from the time variations of the empirical F-region quiet time equatorial zonal plasma drift shown by the solid line in Fig. 2 . The value of this drift velocity is taken from Fig. 2 of Fejer et al. (2005) over Jicamarca for equinox conditions and F10.7=180. It is assumed that this value of E U is the same at all geomagnetic longitudes over the geomagnetic equator at F-region altitudes. The equatorial electric fields E and E U are used to find the equatorial effective electric fields E eff and E eff U . The dashed line in Fig. 2 shows the average quiet time zonal plasma drift velocity over Arecibo for equinox conditions at solar maximum taken from Fig. 3 of Fejer (1993) . This drift is used to determine the value of E U at the F-region altitudes over Arecibo. The average quiet time electric field E at the F-region altitudes over Arecibo is found from the average quiet time perpendicular/northward F-region plasma drift for equinox conditions at solar maximum presented in Fig. 2 of Fejer (1993) . The Arecibo values of E and E U are used to find the Arecibo quantities of E eff and E eff U . Let a geomagnetic field line intersect the 300-km altitude over the Arecibo radar at a geomagnetic latitude of ϕ A . The values of E eff and E eff U are assumed to be the same in the considered (q,U) planes for magnetic field lines which intersect the 300-km altitude at geomagnetic latitudes ϕ≥ϕ A . The equatorial effective electric fields E eff and E eff U are used for magnetic field lines, which intersect the geomagnetic equatorial points at the geomagnetic equatorial crossing heights h k eq ≤500 km. Linear interpolation of the equatorial and Arecibo quantities of E eff and E eff U are employed at intermediate dipole magnetic field lines.
The finite-difference algorithm described above yields approximations to N i , N e , T i , and T e in the ionosphere and plasmasphere at 72 Eulerian computational grid (q,U) planes with the time step t=10 min. The interpolation procedure is used to find the values of N i , N e , T i , and T e at points which are located between 72 Eulerian computational grid (q,U) planes. Using initial ion densities, and electron and ion temperatures, the model is run from 14:00 UT on 10 April 1958 to 24:00 UT on 13 April 1958. To neglect the effects of the initial conditions on N i , T i , and T e , the values of N i , T i , and T e produced by the model from 14:00 UT on 10 April 1958 to 24:00 UT on 11 April 1958 are not taken into consideration, and the model results are used during the studied time period from 00:00 UT on 12 April 1958 to 24:00 UT on 13 April 1958. As the model inputs, the horizontal components of the neutral wind are specified using the HWM90 wind model (Hedin et al., 1991) , the model solar EUV fluxes are taken from the EUVAC model (Richards et al., 1994) , while neutral densities and temperature are taken from the NRLMSISE-00 model (Picone et al., 2002) .
Solar geophysical conditions and data
The characteristic time of the neutral composition recovery after a storm impulse event ranges from 7 to 12 h, on average (Hedin, 1987) , while it may need up to several days for all altitudes down to 120 km in the atmosphere to recover completely back to the undisturbed state of the atmosphere (Rich- _____ Jicamarca (Fejer et al., 2005) -----Arecibo (Fejer, 1993) . . . . . Jicamarca (Fejer et al., 1981) 26 mond and Lu, 2000). The value of the geomagnetic Kp index was in the range from 1 − to 3 0 during 10-11 April 1958 and between 0 + and 3 − during 12-13 April 1958. Therefore, the studied time period of 12-13 April 1958 can be considered as a geomagnetically quiet time period. The F10.7 solar activity index was equal to 197 on 12 April and 181 on 13 April, while the 81-day averaged F10.7 solar activity index centered on 12 or 13 April was close to 244. Hourly critical frequencies, foF2 and foE, of the F2 and E layers, and maximum usable frequency parameter, M(3000)F2, from the La Paz, Natal, Bombay, Ahmedabad, Trivandrum, Kodaikonal, Tiruchirapalli, Delhi, Calcutta, Singapore, Maui, Talara, Panama, Chiclayo, Huancayo, and Bogota ionospheric sounder stations, which are available at the Ionospheric Digital Database of the National Geophysical Data Center, Boulder, Colorado, are used as a base for the purpose of this investigation. The locations of these ionospheric sounder stations are shown in Table 1 . The value of the peak density, NmF2, of the F2 layer is related to the critical frequency foF2 as NmF2=1.24×10 10 foF2 2 , where the unit of NmF2 is m −3 , the unit of foF2 is MHz. To determine the ionosonde value of hmF2, the relation between hmF2 and the values of M(3000)F2, foF2, and foE recommended by Dudeney (1983) is used as hmF2=1490/[M(3000)F2+ M]-176, where M=0.253/(foF2/foE-1.215)-0.012. If there are no foE data, then it is suggested that M=0, i.e. the hmF2 formula of Shimazaki (1955) is used. The reliability of hmF2 (Pavlov et al., 2004a, b) .
Model/data comparisons
The measured (squares) and calculated (lines) NmF2 and hmF2 are displayed in Figs. 3-6 from 00:00 UT on 12 April to 24:00 UT on 13 April above the ionosonde stations presented in Table 1 . For clarity, the solar local time, SLT, is used in Figs. 3-6 for each ionosonde station (SLT=UT+ψ/15, where ψ is the geographic latitude). The NRLMSISE-00 neutral temperature and densities, and the equatorial E given by the equatorial perpendicular plasma drift model of Scherliess and Fejer (1999) for the studied time period are used in producing the model results shown by dashed lines in Figs. 3-6. Solid and dotted lines show the results from the model with the corrected E and NRLMSISE-00 atomic oxygen density, which are discussed below. The zonal component of the plasma drift described in Sect. 2 is taken into account in the model results shown by solid and dashed lines in Figs. 3-6, while dotted lines in Figs. 3-6 are produced by the model when the zonal plasma drift is equal to zero. Close to the geomagnetic equator, the meridional wind has little effect on the spatial and temporal features of the distribution of plasma, and the meridional E×B plasma drift is the primary force in determining hmF2 (Rishbeth, 2000; Souza et al., 2000; Pavlov, 2003; Pavlov et al., 2004a, b) . As a result, it is necessary to compare the measured and modeled hmF2 close to the geomagnetic equator to adjust the value of E for the studied time period. The comparison between the measured hmF2 shown by the squares in Figs. 3-6 and the calculated hmF2 shown by the dashed lines in Figs. 3-6 clearly indicates that there is a large disagreement between the measured and modeled hmF2 over the Natal, Ahmedabad, Talara, and Chiclayo ionosonde stations close to 18:00-20:00 SLT on 12 and 13 April 1958 if the equatorial E determined by the plasma drift model of Scherliess and Fejer (1999) is used. It follows from the model simulations that it is unlikely to make the measured and modeled hmF2 over these ionosonde stations agree via changes in the neutral wind, densities, and temperature. The model of the ionosphere and plasmasphere overestimates hmF2 under conditions of strong upward plasma drifts before and during the evening prereversal plasma drift enhancement, transporting ions and electrons from lower to higher altitudes. Therefore, if the equatorial perpendicular plasma drift given by the empirical model of Scherliess and Fejer (1999) at each geomagnetic longitude over the geomagnetic equator exceeds 20 ms −1 from 16:00 SLT to 20:00 SLT, then it is set to 20 ms −1 , to improve the agreement between the measured and modeled hmF2 over the Natal, Ahmedabad, Talara, and Chiclayo ionosonde stations. The results obtained from the model of the ionosphere and plasmasphere using the equatorial E , produced by the equatorial perpendicular plasma drift model of Scherliess and Fejer (1999) , and the NRLMSISE-00 neutral temperature and densities, as the input model parameters, are shown by dashed lines. Solid and dotted lines show the results given by the model with the corrected equatorial E and the NRLMSISE-00 model with the corrected value of [O] . The corrected meridional E×B plasma drift given by the model of Scherliess and Fejer (1999) is taken to be 20 ms −1 from 16:00 SLT to 20:00 SLT at each geomagnetic longitude over the geomagnetic equator, if this drift is larger than 20 ms −1 . The NRLMSISE-00 model atomic oxygen number density was decreased by a factor of C in the both hemispheres at all times and altitudes. NRLMSISE-00 model has some inadequacies in predicting the number densities with accuracy. This model assumes the use of the analytical formula to calculate the neutral density altitude profiles at altitudes above 120 km by integrating the equation of diffusion equilibrium given as
where n n denotes a number density of the n-th neutral component, z is an altitude, H n =kT n (m n g) −1 , k is Boltzmann's coefficient, m n denotes the mass of the n-th neutral component, g is the acceleration due to gravity, α n is a thermal diffusion coefficient. The NRLMSISE-00 neutral temperature profile is calculated above the 120-km altitude as
where T ∞ is an exospheric temperature, z 0 =120 km, and σ is a shape factor.
The value of n n (z) produced by the NRLMSISE-00 model is a function of n n (z 0 ), T ∞ , T n (z 0 ), and σ determined by Picone et al. (2002) from measurements of the neutral temperature and densities, i.e. inaccuracies in the NRLMSISE-00 neutral temperature and number densities can arise from inaccuracies in the predictions of n n (z 0 ), T ∞ , T n (z 0 ), and σ . Unfortunately, Picone et al. (2002) did not publish statistical distributions of data used by the NRLMSISE-00 model in time, in altitude, in months, in latitude, in longitude, and in solar and geomagnetic activities. Nevertheless, it is possible to suppose that, as a result of a limited amount of measurements of n n (z) and T n (z), not all geophysical conditions are well represented in this model. Errors in satellite and rocket measurement of n n (z) and T n (z) used by the NRLMSISE-00 model as the base data set also make a contribution to the inaccuracies of the calculated NRLMSISE-00 n n (z) and T n (z). Lean et al. (2006) have analyzed the total mass density of the atmosphere measured by three Starshine spacecraft at altitudes between 200 and 475 km at solar maximum and have found larger differences of as much as 30% between the measured total mass density and that produced by the NRLMSISE-00 model which can persist on time scales of several months. A part of this inaccuracy in the NRLMSISE-00 model prediction is reduced if an improved solar EUV irradiance index, such as the Mg II index, is used as the input parameter of the NRLMSISE-00 model instead of the solar 10.7 cm radio flux (Lean et al., 2006) . It was pointed out by Lean et al. (2006) that the total mass densities given by the NRLMSIS-00 model underestimate the upper atmosphere response associated with solar 27-day rotational modulation of EUV radiation seen in the Starshine drag densities, up to a factor of two. In the lower thermosphere, the primary source of information on [O] is the mass spectrometer data on a sum of [O] and 2[O 2 ] (Picone et al., 2002) , and it may be a source of inaccuracies in [O] produced by the NRLNSISE-00 model. It is worth noting that above about 127 km, diffusion becomes dominant over photochemistry for O, but diffusive equilibrium is not fully established until about 166 km, and in some places even higher (Rishbeth and Müller-Wodarg, 1999) . Models such as NRLMSISE-00 generally assume that diffusive equilibrium exists above 120 km, but this assumption may introduce errors of 25% or more in model values of [O] /[N 2 ] at F2-layer heights for quiet geomagnetic conditions (Rishbeth and Müller-Wodarg, 1999) .
It is necessary to modify the NRLMSISE-00 number densities to bring the modeled electron densities into better agreement with the measurements (see Figs. 3-6) . As a result, the value of [O] was decreased by a factor of C in both hemispheres at all times and altitudes from the comparison between the modeled NmF2 and NmF2 measured by the ionosonde stations of Figures 3-6 show that there are some quantitative differences between the measured NmF2 and hmF2 and those shown by solid lines. These differences can be the result of scattering in the data caused by measurement errors, and can be produced by considerable day-to-day variability in the equatorial electrojet (Rishbeth, 2000) . It should be noted that the Jicamarca vertical E×B plasma drifts are most variable over a period of about 4 weeks, centered on the equinox (Fejer and Scherliess, 2001 ). The empirical model of Scherliess and Fejer (1999) was created by averaging a great deal of data to find the mean trends in noisy data and create smooth curves. Therefore, the equatorial meridional drift patterns produced by this model describe only average diurnal changes in the equatorial meridional drift (see very large scattering in the measured vertical plasma drift in Figs. 1 and 2 of Scherliess and Fejer, 1999) . It is possible to assume that there are differences in longitude of this day-to-day variability in E , which is not used by the model. It is also possible that the NRLMSISE-00 [O] correction factor is inconstant in time, and the NRLMSISE-00 model has some inadequacies in predicting the actual [N 2 ] and [O 2 ] with accuracy for the studied time period. A possible difference between the HWM90 wind and the real wind for the studied time period can also produce a part of some quantitative differences between the measured and modeled NmF2 and hmF2. Nevertheless, the use of the corrected [O] and E brings the measured and modeled NmF2 and hmF2 into reasonable agreement, which is enough to carry out the study of the influence of the zonal E×B plasma drift on N e .
Effect of the zonal E×B plasma drift on N e
It is evident from the comparison between the solid and dotted lines in Figs. 3-6 that V E produces small effects in NmF2 during the daytime periods, the zonal E×B plasma drift gives rise to a considerable increase in NmF2 during the night-time period, and there is the tendency for the influence of V E on NmF2 to peak after midnight. The influence of the zonal E×B plasma drift on NmF2 and hmF2 is characterized by the NmF2/NmF2(V E =0) ratio and the hmF2-hmF2(V E =0) difference, where NmF2(V E =0) and hmF2(V E =0) are the F2-layer peak density and altitude produced by the model, which does not include the zonal E×B plasma drift. The maximum NmF2/NmF2(V E =0) ratio over the ionosonde stations is presented in Table 1 .
The two low panels of [NmF2/NmF2(V E =0)] max is estimated from the numerical simulations to be 2. Field-aligned diffusion of ions and electrons transport ionization from the topside ionosphere to F2-region altitudes maintaining night-time NmF2. The night-time gain of ionization at the F2-peak is caused by the meridional E×B drift, which is directed from higher L-shells to lower L-shells. The plasma drift along magnetic field lines due to neutral winds modulates the night-time NmF2 in a constructive or destructive manner, depending upon the direction of the meridional wind. A poleward meridional wind causes a lowering of the F2-region height and a resulting reduction in NmF2 due to an increase in the loss rate of O + ( 4 S) ions, whereas a meridional wind, which is equatorwards, tends to increase the value of NmF2 by transporting the plasma up along field lines to regions of lower chemical loss of O + ( 4 S) ions. These processes lead to a dependence of NmF2 on SLT by night, forming NmF2 changes in geomagnetic longitude at fixed values of altitude and geomagnetic latitude. In addition to the above-mentioned processes, the plasma moves in longitude by the strong eastward zonal E×B drift velocity, creating an additional source of electron and ions, so that the night-time plasma density is maintained above values which would be calculated in the absence of this eastward drift and the above-mentioned processes can modulate the effect of the zonal E×B drift on N e . If the meridional E×B plasma drift at 0 • geomagnetic longitude and zero neutral wind are employed at all geomagnetic longitudes, and a centered dipole approximation for the geomagnetic field (the Earth's centric tilted magnetic dipole moment is inclined with respect to the Earth's rotational axis) is used, then the model produces feebly marked variations of [NmF2/NmF2(V E =0)] max in geomagnetic longitude. For example, if =0-360 • , then [NmF2/NmF2(V E =0)] max =1.90-2.05 over the geomagnetic equator, and [NmF2/NmF2(V E =0)] max =1.88-2.00 and 1.90-1.97 at −15 • and 15 • geomagnetic latitude, respectively. As a result of the model simulations, three major causes of the calculated longitude variations in [NmF2/NmF2(V E =0)] max were revealed: (1) the longitudinal asymmetry in B (the eccentric magnetic dipole is displaced from the Earth's center and the Earth's eccentric tilted magnetic dipole moment is inclined with respect to the Earth's rotational axis), (2) the variations of the wind induced plasma drift in geomagnetic longitude caused by the changes in the displacement of the geomagnetic and geographic equators and the magnetic declination angle in geomagnetic longitude, and (3) the variations of the meridional E×B plasma drift in geomagnetic longitude (due to the longitudinal dependence of the meridional equatorial E×B plasma drift produced by the empirical model of Scherliess and Fejer, 1999) .
In the topside night-time ionosphere, an increase in N e caused by the zonal E×B plasma drift is transported from lower to higher altitudes by plasma diffusion along magnetic field lines, and, simultaneously, this increase in N e is redistributed between magnetic field lines by the meridional E×B drift. As a result, the altitude dependence of the influence of V E on N e in the topside ionosphere over the geomagnetic equator is a function of changes in the effect of V E on NmF2 and hmF2 in geomagnetic latitude. As the top panel of Fig. 7 shows, the maximum effect of V E on N e decreases in altitude in the night-time topside ionosphere above 700 km over the geomagnetic equator and this effect is not significant above about 1500 km. The model simulations show that at 1000 km altitude the maximum N e /N e (V E =0) ratio is changed between 1.07 and 1.46 at −10 • and 10 • geomagnetic latitude and is found to be negligible at −20 • and 20 • geomagnetic latitude. It follows from the model simulations that 0.96≤NmF2/NmF2(V E =0)≤1.1 from about 07:55 SLT to about 19:47 SLT over the geomagnetic equator at all geomagnetic longitudes, and from about 08:32 SLT to about 22:00 SLT at −10 • and 10 • geomagnetic latitude at all geomagnetic longitudes. Thus, the enhancements in NmF2 caused by the zonal E×B plasma drift are pronounced during A. V. Pavlov: The role of the zonal E×B plasma drift in the low-latitude ionosphere a part of the night-time period, and changes in NmF2 due to the zonal E×B plasma drift are hardly distinguished by day. As Fig. 9 shows, the difference between the calculated F2-peak altitude and that obtained when the zonal E×B drift is omitted is not significant in the daytime low-latitude ionosphere.
There are distinguishing features in the diurnal variations of N −1 e ∂ ∂ N e at hmF2 presented in Fig. 10 . These variations show a morning maximum caused by a sharp increase in NmF2 after sunrise. During most of the daytime period the meridional E×B drift lifts the plasma from lower field lines to higher field lines, while during most of the nighttime period this drift moves ions and electrons from higher field lines to lower field lines. Simultaneously, the plasma diffuses along the magnetic field lines. As a result of the morning reversal of the meridional E×B plasma drift, ions and electrons begin to move from lower L-shells to higher Lshells under the action of this drift, causing a drop in NmF2 around the geomagnetic equator and a gain in ionization at F2-peak altitudes at higher geomagnetic latitudes, leading to the formation of the equatorial anomaly. These physical processes are responsible for the formation of a local minimum in N −1 e ∂ ∂ N e before 12:00 SLT over the geomagnetic equator. For the same reasons, the presence of a local evening minimum in N −1 e ∂ ∂ N e over the geomagnetic equator is explained by the evening pre-reversal enhancements of meridional E×B plasma drift produced by the Scherliess and Fejer (1999) The zonal E×B plasma drift, which is used in the model simulations, is directed from the geomagnetic west to the geomagnetic east by night, and the maximum eastward drift is about 165 m s −1 close to 20:45 SLT at F-region altitudes over the geomagnetic equator (see solid line in Fig. 2 ). After a peak before midnight, the magnitude of V E at F-region altitudes over Jicamarca is observed to decrease with local time during the night-time period and during a part of the daytime period (after sunrise), reaching the minimum drift velocity at 11:15-12:15 SLT (see solid line in Fig. 2) . Figure 8 shows the tendency of the influence of the zonal E×B plasma drift on NmF2 to peak close to and after midnight, i.e. the NmF2/NmF2(V E =0) ratio peaks a few hours later than V E . It means that the night-time dependence of NmF2 on V E is essentially nonlocal in time, i.e. the value of NmF2 at the fixed solar local time, t 1 , depends on the values of V E from t 0 to t 1 , where t 0 is a solar local time at sunset. Furthermore, Fig. 10 shows that during most of the night-time period, the value of N −1 e ∂ ∂ N e at hmF2 is decreased in time, strengthening the dependence of N e on V E . As a result, the influence of the eastward E×B plasma drift on NmF2 is accumulated and, after a small drop, this effect is strengthened in time up to a time point, with the following weakness of this influence. This conclusion can be illustrated from the reduced continuity equation for O + ( 4 S) ions, which takes into account only the loss rate of these ions and the zonal E×B plasma drift as (only for qualitative evaluations)
where H −1 =−(h N e ) −1 ∂ ∂ N e , t is SLT, and it was taken into account that [O + ( 4 S)]≈N e at altitudes of the F2-layer.
In virtue of Eq. (6), the night-time electron density decay is described as
It is evident from Eq. (7) that NmF2(t 1 ) depends on the values of V E and H from t 0 to t 1 . The zonal E×B plasma drift cannot change N e noticeably if changes in N e in the e direction are feebly marked. On the other hand, changes in N e due the zonal E×B plasma drift lead to a dependence of H on V E . In addition to the daytime F2-region decay, during the night-time period, the meridional E×B drift moves ions and electrons from higher field lines to lower field lines, and, simultaneously, the plasma drifts due to neutral winds and diffuses along magnetic field lines, changing the magnitude of N −1 e ∂ ∂ N e and the resulting effect of V E on N e . As Fig. 2 shows, the night-time eastward drifts are considerably larger than the westward daytime drifts at F-region altitudes over the geomagnetic equator. Contrary to night-time conditions, the dependence of NmF2 on V E and N −1 e ∂ ∂ N e cannot be illustrated by Eq. (7) and the effect of V E on NmF2 is not accumulated in time by day during a long time period. As a result, V E produces small effects in NmF2 during the studied daytime periods (see .
The night-time meridional E×B drift of electrons and ions moves the plasma from higher L-shells to lower L-shells and redistributes changes in electron and ion densities between field lines. Therefore, variations in N i and N e caused by the zonal E×B drift at magnetic field lines, which do not intersect the studied F-region altitudes, can lead to changes in the studied hmF2 and NmF2. It follows from the model calculations that the night-time values of hmF2 and NmF2 over the magnetic equator are weakly sensitive to variations in V E at magnetic field lines, which cross the geomagnetic equator above about the 800-900 km height. The model simulations show that the [NmF2/NmF2(V E =0)] max ratio over the geomagnetic equator at the 0-360 • geomagnetic longitudes is less than 1.28 and 1.47, if V E =0 at magnetic field lines, which cross the geomagnetic equator above 500 and 600 km height, respectively. It should be noted that hmF2≤400 km from 21:54-23:08 SLT to 24:00 SLT and from 00:00 SLT to 08:07-09:34 SLT over the geomagnetic equator, if the model employs the value of V E described in Sect. 2. As a result, the zonal E×B plasma drift at magnetic field lines, which crosses the geomagnetic equator at F2-layer altitudes, cannot change NmF2 very noticeably by night because during most of the night-time period, electron density changes in at hmF2 at the same solar local time and geomagnetic longitude are less pronounced over the geomagnetic equator in comparison with those from about −10 • to about −20 • geomagnetic latitude or between about 10 • and about 20 • geomagnetic latitude (see Fig. 9 ). On the other hand, it follows from the model calculations presented by the solid line in the two lower panels of Fig. 6 that [NmF2/NmF2(V E =0)] max ≤2.27 over the geomagnetic equator, if the value of V E described in Sect. 2 is used. It means that the night-time dependence of NmF2 on V E is essentially nonlocal in space close to the geomagnetic equator. Sterling et al. (1969) found no significant effects of V E on NmF2 without reporting the values of SLT and the geomagnetic longitudes and latitudes, where the Sterling et al. (1969) comparisons between separate calculations of N e with and without the zonal E×B plasma drift were carried out. Contrary to the study by Sterling et al. (1969) , it is found in this work that the effect of including the zonal E×B plasma drift in the model results in the maximum increase in the night-time NmF2 up to a factor of 1.04-2.31 in the low latitude ionosphere between −20 • and 20 • geomagnetic latitude. It should be noted that there are significant differences between the meridional E×B plasma drift given by the empirical model of Scherliess and Fejer (1999) and that used by Sterling et al. (1969) , and these differences can decrease the effect of V E on N e in the model simulations presented by Sterling et al. (1969) . The zonal plasma drift measurements given by Fejer et al. (1981 Fejer et al. ( , 2005 ; Maynard et al. (1995) ; Sheehan and Valladares (2004) are in disagreement with the zonal component of V E used by Sterling et al. (1969) . For example, the zonal E×B plasma drift used by Sterling et al. (1969) is varied between 100 m s −1 (close to 04:30 SLT) and −100 m s −1 (close to 16:30 SLT), while the average zonal F-region plasma drift measured over Jicamarca is varied from about −50 m s −1 (at 11:15-12:15 SLT) to about 165 m s −1 (close to 20:45 SLT) during equinox at high solar activity (Fejer et al., 2005) . It is possible to assume that the difference between V E used by Sterling et al. (1969) and V E described in Sect. 2 determines the difference or a part of the difference between the conclusion of this work and the conclusion given by Sterling et al. (1969) . Anderson (1981) has reinvestigated the effects of the zonal E×B plasma drift on the equatorial F-region ionosphere for March 1979 conditions, when the solar F10.7 cm flux was about 185 units, and has found that calculated F2-peak electron densities at the magnetic equator at 20:00 LT and at 24:00 LT do not differ significantly from NmF2 obtained when the zonal E×B drift is omitted. Unfortunately, Anderson (1981) did not report the value of the geomagnetic longitude, which corresponds to these model results. On the other hand, the Jicamarca meridional and zonal E×B plasma drifts were used by Anderson (1981) in the model simulations, and, A. V. Pavlov: The role of the zonal E×B plasma drift in the low-latitude ionosphere it is reasonable to suppose that the model results presented in Fig. 10 of Anderson (1981) correspond to the Jicamarca Radio Observatory geomagnetic longitude of 357 • for 1979.
It follows from the model simulations presented in panel (c) of Fig. 7 that the NmF2/NmF2(V E =0) ratio is varied between 1.06 and 1.13 at 20:00 SLT on 12 April 1958 and from 0.99 to 1.26 at 24:00 SLT on 13 April 1958 over the geomagnetic equator. This ratio is close to 1.10 at 20:00 SLT and at 24:00 SLT on 11 April 1958 at 357 • geomagnetic longitude over the geomagnetic equator. These model results and those presented by Anderson (1981) are purely comparable. It is also necessary to take into account that the observed zonal E×B plasma drift given by Fejer et al. (1981) at high solar activity at equinox was used by Anderson (1981) (see the dotted line in Fig. 2) . This drift has a maximum amplitude of 120 ms −1 occurring at about 21:00 SLT, while the maximum value of the eastward zonal E×B plasma drift (Fejer et al., 2005) used in the model simulation of this work is equal to about 165 m s −1 , close to 20:45 SLT, and the value of V E given by Fejer et al. (2005) at high solar activity at equinox is larger than that given by Fejer et al. (1981) and used by Anderson (1981) , from about 17:45 SLT to 24:00 SLT and from 00:00 SLT to about 03:00 SLT (compare the solid and dotted lines in Fig. 2 ). Therefore, a small excess of NmF2/NmF2(V E =0) over that given by Anderson can be explained by the higher eastward zonal E×B plasma drift used in the model simulations of this work. There are also differences in the model inputs used in this work and those by Anderson (1981) , e.g. the differences in the meridional E×B plasma drifts and in the neutral densities. These differences in the model inputs can lead to differences in the model results. Thus, the influence of the zonal E×B plasma drift on NmF2 at 20:00 SLT and at 24:00 SLT on 12 April 1958 at 357 • geomagnetic longitude over the geomagnetic equator found in this work does not conflict with the results of Fig. 10 presented by Anderson (1981) .
Conclusions
A new three-dimensional, time-dependent theoretical model of the Earth's low and middle latitude ionosphere and plasmasphere has been developed on the basis of the twodimensional time-dependent theoretical model of the Earth's low and middle latitude ionosphere and plasmasphere of Pavlov (2003) , to take into account the effects of the zonal E×B plasma drift on N i , N e , T e , and T i . The new model uses a combination of the Eulerian and Lagrangian approaches. The electron and ion continuity, and energy equations are solved in a set of Lagrangian frames of reference. Each Lagrangian frame of reference moves with an individual plasma tube, with the local plasma drift velocity perpendicular to the magnetic and electric fields. As a result, only the time dependent, one-dimensional electron and ion continuity, and energy equations are solved in these Lagrangian frames of reference. The method makes use of an Eulerian computational grid, which is fixed in space coordinates and chooses the set of the plasma tubes at every time step, so that each plasma tube arrives at points which are located between two grid lines of the regularly spaced Eulerian computational grid at the next time step. The solution values of electron and ion densities and temperatures at the Eulerian computational grid are obtained by interpolation.
The new model calculates the number densities of O + ( 4 S), H + , NO + , O + 2 , N + 2 , O + ( 2 D), O + ( 2 P), O + ( 4 P), and O + ( 2 P*) ions, N e , T e , and T i using an eccentric tilted dipole approximation for the geomagnetic field. In the model, dipole orthogonal curvilinear coordinates q, U, and are used, where q is aligned with, and U and are perpendicular to, the magnetic field, and the U and coordinates are constant along a dipole magnetic field line. The Eulerian computational grid used consists of a distribution of the dipole magnetic field lines in the ionosphere and plasmasphere at (q,U) planes, which are located at 72 geomagnetic longitudes =0 • , 5 • ,. . . 355 • . One hundred dipole magnetic field lines are used in the model for each fixed value of . The number of the fixed nodes taken along each magnetic field line is 191. For each fixed value of the geomagnetic longitude, the Eulerian computational grid is located at a (q,U) plane, which is bounded by two dipole magnetic field lines. The low and upper boundary magnetic field lines intersect the geomagnetic equatorial point at 150 km altitude and 4264 km altitude, respectively. The Eulerian computational grid dipole magnetic field lines are distributed between these two boundary lines. The finite-difference algorithm yields approximations to N i , N e , T i , and T e in the ionosphere and plasmasphere, with the time step of 10 min. The interpolation procedure is used to find the values of N i , N e , T i , and T e at points which are located between 72 Eulerian computational grid (q,U) planes.
We have presented a comparison between the modeled NmF2 and hmF2, and NmF2 and hmF2, which were observed by the La Paz, Natal, Bombay, Ahmedabad, Trivandrum, Kodaikonal, Tiruchirapalli, Delhi, Calcutta, Singapore, Maui, Talara, Panama, Chiclayo, Huancayo, and Bogota ionospheric sounders during the geomagnetically quiet time period of 12-13 April 1958 at high solar activity. The model reproduces major features of the data if the equatorial meridional E×B plasma drift and the NRLMSISE-00 [O] are corrected. The comparison between the modeled NmF2 and NmF2 measured by the ionosondes show that it is necessary to decrease the NRLMSISE-00 model [O] ratio by a factor, which is varied between 1.2 and 1.5, depending on the geomagnetic latitude and longitude. To bring the measured and modeled NmF2 and hmF2 into better agreement, the model meridional ExB plasma drift was changed from the Scherliess and Fejer (1999) model value to 20 ms −1 between 16:00 SLT and 20:00 SLT at each geomagnetic longitude over the geomagnetic equator, if this drift exceeded 20 ms −1 .
In agreement with the generally accepted assumption based on the work of Anderson (1981) , the changes in NmF2 due to the zonal E×B plasma drift are found to be inessential by day, and the influence of the zonal E×B plasma drift on NmF2 and hmF2 is found to be negligible above about 25 • and below about −26 • geomagnetic latitude by day and by night. Contrary to common belief, it is shown that the zonal E×B plasma drift forms a plasma source for the nighttime ionosphere and the effect of including the zonal E×B plasma drift in the model results in the maximum increase of night-time NmF2 up to a factor of 1.04-2.31 in the lowlatitude ionosphere between −20 • and 20 • geomagnetic latitude. This night-time increase in NmF2 is less pronounced at −20 • and 20 • geomagnetic latitudes in comparison with that between −10 • and 10 • geomagnetic latitude. An examination of the influence of the zonal E×B plasma drift on NmF2 shows marked variations in geomagnetic longitude. In the night-time low-latitude ionosphere between −10 • and 10 • geomagnetic latitude, the enhancements in NmF2 due to the zonal E×B plasma drift are more pronounced close to 140 • geomagnetic longitude, and the model also produces the second peak in [NmF2/NmF2(V E =0)] max from 330 • to 345 • geomagnetic longitude. The influence of the zonal E×B plasma drift on the night-time F2-peak density is less pronounced close to 20-35 • geomagnetic longitude and near 245-275 • geomagnetic longitude between −10 • and 10 • geomagnetic latitude. It is shown that the longitude variations found in the influence of the zonal E×B plasma drift on NmF2 are mainly caused by the longitudinal asymmetry in B (the eccentric magnetic dipole is displaced from the Earth's center and the Earth's eccentric tilted magnetic dipole moment is inclined with respect to the Earth's rotational axis), by the variations in the wind induced plasma drift in geomagnetic longitude, and by the variations of the meridional E×B plasma drift in geomagnetic longitude (due to the longitudinal dependence of the meridional equatorial E×B plasma drift produced by the empirical model of Scherliess and Fejer, 1999) .
